Abstract-Several practical issues associated with achieving effective impedance performance in the finger joint space and stable grasping on a five-fingered dexterous hand are investigated in this work. A Multiprocessor structure based on field programming gate array (FPGA) is proposed to realize the high-level hand impedance controller. The key feature of the hardware system is a dual-processor architecture based controller, one of which is used for data communication control and the other for joint and object level control. High speed Experimental results and simulation with a five-fingered dexterous robot hand demonstrate that the controller architecture is able to achieve the desired robot hand impedance control performance and effective stable grasping.
I. INTRODUCTION
In order to improve the manipulative capability of a robot, the dexterous robot hand has become one of the most important research aspects in the robotics field. In recent years, several anthropomorphic robot hands have been developed, including the NASA Robonaut Hand [1] , the Gifu III Hand [2] , the Shadow Hand G5, the DLR Hand II [3] and the DLR/HIT Hand I [4] . Robot hands may be classified into two categories. First is the externally actuated hand, which utilizes actuators mounted in the forearm (NASA and Shadow). The second category employs internal actuation (DLR, HIT), with all actuators and electronics integrated in the finger and the palm [5] . Several features are in common between both categories of robot hands mentioned above: highly integrated modularity and dexterity design that involve mechanical and electronic architecture. The electronic architecture significantly influences the control and manipulation performance, as well as the reliability and stability of the hand. Furthermore, the electronic hardware affects the design integration and modularity of the mechanical architecture of the robot hand. With compact electronic design and advancement in several technologies, such as novel sensors, processors and actuators, smaller and more anthropomorphic robot hand can now be realized. Specifically designed communication protocols and electronic board-level connections are necessary to help fulfill modular design of the robot hand.
Control algorithm progress in the dexterous robot hand demands higher requirements including high-speed data transfer, fast calculation, dependable communication and more data/program memory, etc. Field programmable gate array (FPGA) has become a viable option in complex logic circuit design due to its flexibility, ease to use, and short time to market [6] . The FPGA is suitable for flexible and complex logical structures, including data processing and communication system. Processing speed can be further increased with multi-processor parallel processing architecture. Some researchers have implemented control algorithms into FPGA to improve the performance of the servo control system. Takahashi and Goetz developed a system to run a current control algorithm with the aid of an FPGA to increase the bandwidth of the current loop control [7] . Vector and velocity controls of a PMAC servo motor based on FPGA have also been successfully realized by Tzou and Kuo [8] . Another work concerning FPGA-based motion control could be found in [9] .
Robot hand control focuses on performing compliant manipulation and reliable grasping with different objects in an unknown environment. Impedance control is one possible approach to achieve compliant behavior, which was extensively theorized by Hogan [10] and experimentally applied by Kazerooni [11] . The basic principle of the impedance law is defined as a mass-spring-damp system, where the interacting force is designed to be a linear combination of the position error (spring), first derivative of the position (damping), and second derivative of the position (inertia). The equations of a manipulator's motion are usually derived in terms of joint coordinates, which is called joint space. This paper focuses on designing a novel hardware architecture to enhance a dexterous robot hand's impedance performance and achieve embedded intelligent hand grasping. This includes the following two aspects: (1) utilization of FPGAs to achieve ideal hardware architecture for impedance control and embedded intelligent hand grasping, and (2) flexible communication system to fulfill control requirements in different operating environments, supporting multipoint low-voltage differential signaling serial bus, Ethernet, and CAN bus. All design aspects are realized in the DLR-HIT II five-fingered dexterous robot hand. This paper is organized as follows: Section II gives an overview of the hardware and software architecture of the FPGA-based control system; Section III describes the flexible communication system architecture; Section IV presents experiments and performed a grasping application. Finally, the conclusions of this work are drawn and presented in Section V.
II. ARCHITECTURE OF FPGA-BASED CONTROLLER IN DLR-HIT HAND II
The DLR-HIT-Hand II is a multisensory integrated fivefingered hand with a total of 15 DOFs (degrees of freedom), as shown in Fig. 1 . All actuators, electronic components, and communication controllers for a finger are fully integrated in the finger base of the finger body. To be more anthropomorphic and capable of complex tasks, the controller must be small in size, and possess powerful data processing capability. In order to achieve the desired performance, the robot control system relies not only on the control algorithm, but also on the hardware and software architecture of the controller. 
A. Hardware architecture
As shown in Fig. 2 , the FPGA provides the processing for the finger base joint motor control, which is physically located at the bottom of a finger base. A Cyclone II FPGA with 18752 logic elements and 234Kbits of RAM is chosen for the this task. All the motor driver, communication with finger distal and higher control level, sensor data acquiring are implemented in one single electronic board with Very-High-Speed Integrated Circuit Hardware Description Language, (VHDL). Two brushless DC (BLDC) motors are directly driven and controlled by an FPGA with MOSFET driver gates. In order to achieve modularity of the robot finger, all the parameters related to the finger control are stored in the flash memory on the finger base board. The finger distal motor is controlled by a DSP, which is attached on the back side of the first linkage of the finger. For the finger distal motor, a Texas instruments (TI) floating-point digital signal processor (DSP) with maximum 100 MMACS is selected to carry out the joint level control algorithm, sensor signals processing, BLDC motor control, as well as the communication between the finger distal and the finger base. With the aid of the finger DSP, the number of wires between the finger base and the finger has been reduced from 18 (in DLR/HIT Hand I) to 5. Fewer wires leads to a more reliable system and improved communication quality.
For higher level tasks the a Cyclone III FPGA with NIOSII dual-processors, 24624 logic elements, and 594 Kbits of RAM is chosen. With its sufficient processing power, an enhanced controller with more flexible communication system can be implemented in a smaller electronics package. Two separate NIOSII processors are implemented in the Cyclone III, with 2k bits on-chip RAM for inter-processor communication. One of the processors is responsible for processing impedance control and grasp planning algorithm. Communication tasks are controlled by the second processor. To ensure that the two processors can work efficiently together without conflict, a hardware mutex is utilized to protect critical resources shared by these two processors. By means of the SOPC (system on programable chip) builder tools, all modules are integrated and fully implemented on a single chip. With the advantage of flexible FPGA structure and integrated processing units, the proposed control architecture is able to achieve high control performance with a smallsized control hardware electronics. Furthermore, diverse I/O standards support connections between different hardware components (e.g. FPGA, DSP, motor, sensors), which makes the controller more flexible for different applications.
B. Control Software Architecture
Along with the controller hardware architecture in the robot hand, a multi-level modular structure is also adopted in the hand's software architecture. As illustrated in Fig. 3 , data processing in software is implemented in three major logic levels, Data Processing Level, Lower Control Level and Higher Control Level. All calculations required for the conversion of digitized sensor values to applicable measurements, such as position and torque, as well as derived values such as velocities, are fulfilled in the Data Processing Level. To eliminate disturbances and ripples in the motor hall signal and torque sensor values, a Butterworth filter is adopted to achieve a high resolution of velocity, position and torque measurements.
In the Lower Control Level, all data necessary for control algorithm are packed together and sent back to the Higher Control Level. Furthermore, basic motor drivers and control, system monitoring and safety tasks concerned with each finger joint sensor are also implemented in this control level. The control loops in all five fingers wait for the interrupt from the Higher Control Level, so that commands and measurements of all fingers are executed synchronously with the same hardware clock. Joint or Cartesian commands are then received from the Higher Controller Level, along with control parameters of different controllers, and the enable status of the motors. Since most of the parameters required for control algorithm are stored in the flash memory of the Lower Control Level, reading and sending these parameters back to the Higher Control Level is also processed in this level.
In the Higher Control Level, all algorithm run with a 200μs cycle time to perform real time hand control. Data acquisition, unpacking and basic processing are the first steps of Higher Control Level. The next step is the receiving command values for the desired control parameters, such as position, velocity, and stiffness of each joint. The interpolation algorithm for trajectory planning can then process the received command values to interpolate control data. Since no smooth transition between the different types of controllers is provided in this control level, the user may choose from several controller for the task at hand. The implemented types of controllers include joint space impedance control, based on position with friction and gravity compensation, as well as a position controller. Finally, extensive safety checks are performed, including joint and temperature limits, sensor signal validity, and communication system integrity. The harmonic drivers in the finger distal, base, and special cardan base joints of DLR-HIT Hand II all require violation limit checks in this level, since workspace limitations have to be confirmed in true joint angles rather than the directly measurable motor or transmission angles.
III. FLEXIBLE COMMUNICATION SYSTEM ARCHITECTURE
A large amount of data has to be transmitted between joint level, Cartesian level and host level. The data package consists of motor control data, sensor data and tracking data. During communication, the joint level should pack all the digital sensor values, while Cartesian level should distribute the control signal to each finger, and send tracking data back to the host level at the same time. Furthermore, considering that robot hand might be used in different situations, such as industrial environment or with an external real-time controller, A more industry standard and universal interface between the hand and host level would be suitable. Table I compares some communication protocols in different robot hands.
A. Between higher control level and lower control level
To realize real-time feedback control of the robot hand, it is important that the higher control level receives the realtime positions and torques of the joints timely to calculate Multipoint low-voltage differential signaling (LVDS) allows multipoint configuration defined by the ANSI/TIA/EIA-899 M-LVDS standard, which recommends a maximum data rate of 500 Mbps. Because of its low noise, low power consumption, high immunity interface, and ease of implementation in FPGA, by means of low-voltage differential line drivers and receivers, a M-LVDS serial bus system is designed for the data communication between the fingers and the palm controller, as shown in Fig. 4 . 4) The LVDS serial bus can accommodate variable baud rate. Unnecessarily high communication rate can reduce the control performance of whole system. In the proposed system a bandwidth of 25 Mbps is chosen. Based on the above specifications, the LVDS serial bus increases the transmission speed and reliability of data communication, reduces cabling and noise in signals. With VHDL and NIOS II soft processor the serial bus is implemented on FPGA and fully integrated into the five-fingered dexterous robot hand successfully.
B. Between host level and controller level
Communication data package between host and controller, consists of position, velocity, torque tracking signal and control data. To acquire the real-time feed back tracking signal and transfer manipulation control data, such as destination position, or required velocities, data should be transferred timely between host and controller. On the other hand, to make the hand more compatible for different applications, a universal communication protocol is necessary in the high level communication. For the above reasons, Ethernet and CAN were chosen to fulfill the requirements.
Ethernet is the most widespread wired local area network technology. To implement Ethernet in FPGA, Triple speed ethernet IP core from Altera has been chosen for the MAC layer of Ethernet. For the physical layer, DP83848T with RMII interface from TI has been selected. Along with MicroC/OS II real time operating system, NicheStack TCP/IP stack has also been ported into the system, which combines with the application program to realize 100M baud full duplex Ethernet network in the dexterous hand.
CAN (controller-area network) bus is based on an automotive communication standard designed to allow microcontrollers and devices to communicate with each other within a passenger vehicle without a host computer. It is designed specifically for automotive applications, but has since been employed for other applications. Considering the possible future usage in the industrial environment, CAN bus is supported in the dexterous hand. CAN controller IP core from IFI has been implemented, and SN65HVD230d from TI is chosen for the physical layer.
With the above communication methods, the dexterous robot hand is more flexible in control design and usage. Controllers could be implemented inside the hand, or realized by a real-time external controller with Ethernet or CAN. Grasp planing and manipulation strategies can be processed in the external controller so that more complex and meticulous manipulation could be accomplished by the five-fingered dexterous robot hand. Fig. 5 illustrates the transmission of control signal sequentially in 200μs cycles, and receiving of all five fingers' feedback sensor data, while sending sensor tracking data and receiving commands from the host level in every 10 ms. 
IV. EXPERIMENTS AND GRASPING APPLICATION

A. Finger joint space impedance control
Experiments are performed on the five-fingered dexterous robot hand. For each finger, two specially designed potentiometers in the base joint and a contactless magnetic angle sensor in the finger distal unit are equipped to measure the absolute angular position of the 3 joints. To precisely measure the external torque without hysteresis, a new type of base joint torque sensor with two DOFs and a distal torque sensor, both based on strain gauge theory, are adopted for the three joints.
The fingers are of modular design, with identical mechanical structure and control architecture. The principle of finger joint impedance control fulfills the requirement between external force and finger joint position by adjusting the stiffness parameters. The robot hand kinematics model [12] is well known, and shown below:
where M (q), C(q) and g(q) represent the inertia matrices, centrifugal term, and gravity term, respectively.The vector of the joint torques is given by K(θ − q), where θ, q indicate the vector of the motor angle divided by the gear ratio and the link side joint angle. K, B are diagonal matrices which contain the joint stiffness and the motor inertias multiplied by the gear ratio squared. The external torque vector, τ ext , and the generalized actuator torque vector, τ m , are considered as the control inputs. A classical position-based impedance controller (PBIC) [13] is realized to demonstrate the performance of the proposed hardware architecture. The block diagram of feedback control is shown in Fig. 6 where θ sr and θ mr are position sensor data from position sensors and motor hall sensors, respectively. In this experiment, each joint of the finger is independently driven. The aim is to make the finger move only upward and downward (x direction), coming in contact with an external object before reaching the desired position. Damping and stiffness are set at
• ). Fig 7 shows the finger base joint tracking the desired position trajectory (red line). In this example, contact is made with a rigid external object at a joint angle of 21
• , where real tracking seperates from the desired tracking. The experimental results show that the joint can follow the desired trajectory closely in the free space, and the joint torque increases stably while it makes contact with the environment. It can therefore be concluded that the finger joint impedance behavior is successfully achieved.
B. Intelligent hand grasping application
The introduced five-fingered dexterous robot hand fulfills the requirement for grasping and manipulation. This is validated by grasping experiments performed with the robot hand. The kinematic and geometry models of the hand is imported into an automatic grasp planning system [14] , based on the grasp simulator GraspIt! [15] . To plan stable grasps, the Cartesian frame between the robot hand and the object is approximated by grasping directions, which are generated from the geometric decomposition of the object model. The hand configuration space is reduced to a few predefined hand preshapes, torwards which the fingers close in the grasping simulation. Continuous collision detection technique is applied to locate the contact points between the robot hand and the object efficiently. From these contact points, the grasp wrench space is built. The stability of the grasp is computed in a 6-dimensional grasp wrench space. For stable grasps, the position matrix θ e is computed with the given stiffness matrix In order to make the robot hand an intelligent device capable of guiding the robot arm to perform autonomous grasping, integration of the grasp planning system into the FPGA chip is currently underway. An adaptive torque based controller is currently being investigated to enable stable grasping of deformable or unknown objects.
